Introduction
============

It was recognized from the earliest neurocytological studies that the neostriatum comprised a large number of small to medium sized neurons (less than 20 μm in diameter) of varying morphology and a small number of large neurons (Mehler, [@B82]). Estimates of the ratio of small-medium to large cells varied widely in these reports, from 20:1 up to 270:1 due to the lack of application of rigorous quantitative techniques (Parent, [@B88]). Although the large neurons were first identified by Kölliker ([@B62]) as giant interneurons, Ramon y Cajal ([@B98]), in a rare error, identified them as striatal projection neurons (SPNs), a claim reiterated by Vogt and Vogt ([@B124]), thus presenting a picture of the striatum as a nucleus comprised primarily of interneurons with a very small number of projection neurons (Zhou et al., [@B134]). This resulted in decades of controversy and confusion about the functional identities of the large and the small striatal cells, that was not resolved conclusively until retrograde labeling from substantia nigra and globus pallidus unambiguously identified the medium sized spiny neurons as the SPN and the giant aspiny neurons as interneurons (Grofova, [@B45]) that were later shown to be uniformly cholinergic (Kimura et al., [@B58]).

Striatal projection neurons are now recognized to make up approximately 95% of all the neurons in the rodent striatum (Gerfen and Wilson, [@B40]; the proportion is significantly lower in higher vertebrates, especially in primates, Graveland and DiFiglia, [@B44]), and the cholinergic interneurons make up only 0.5--1% of the neurons. The remaining neurons, thus comprising approximately 3--4% of the total number of neurons in the rodent striatum, are made up of several different subtypes of aspiny GABAergic interneurons.

Striatal GABAergic interneurons were first identified as such by their avid uptake of ^3^H-GABA combined with Golgi staining (Bolam et al., [@B14]). Medium-sized aspiny striatal neurons with varicose dendrites and indented nuclear envelopes accumulated ^3^H-GABA at a rate almost one order of magnitude greater that of the spiny projection neurons. Subsequent studies revealed that a population of aspiny interneurons with similar or identical characteristics also exhibited significantly stronger glutamate decarboxylase (GAD) activity than spiny projection neurons (Bolam et al., [@B15]; Cowan et al., [@B26]; Kita, [@B59]; Kubota et al., [@B72]).

By the mid 1990s, there were reliable reports of three distinct subtypes of medium sized striatal GABAergic interneurons that could be distinguished in striatum of mammalian species on the basis of their expression of the calcium binding proteins parvalbumin (PV) or calretinin (CR), or their expression of the neuropeptides somatostatin (SOM), or neuropeptide Y (NPY) or nitric oxide synthase (NOS) (Vincent and Johansson, [@B122]; Vincent et al., [@B123]; Chesselet and Graybiel, [@B22]; Cowan et al., [@B26]; Kita et al., [@B60]; Bennett and Bolam, [@B5]; Kubota and Kawaguchi, [@B68], [@B69], [@B70]; Kubota et al., [@B68]). Each of these exists in very low abundance compared to the SPNs. In the case of PV^+^ interneurons, 0.7%, CR^+^ interneurons, 0.5% and SOM/NOS/NPY^+^ interneurons 0.6%, as determined by unbiased stereological cell counts of immunostained rat striatum (Luk and Sadikot, [@B77]; Rymar et al., [@B100]). Of course, these numbers should be regarded as *minimum* estimates of the numbers of GABAergic interneurons, since immunostaining is of relatively low and variable sensitivity compared to other techniques for neurochemical phenotyping, so what this really means is that *at least* 1.8% of striatal neurons consist of GABAergic interneurons, and the proportion is almost certainly higher than that.

These reports were followed by groundbreaking *in vitro* electrophysiological studies by Yasuo Kawaguchi and colleagues that showed that the PV-immunoreactive (PV^+^) and SOM--NPY--NOS^+^ neurons also exhibited distinct somatodendritic and axonal morphologies, as well as readily distinguishable electrophysiological properties (Kawaguchi, [@B54], [@B55]; Kubota et al., [@B68]; Kawaguchi et al., [@B57]). The first part of this article will concentrate on these earlier studies, reviewing the original core data on the "classic" striatal GABAergic interneurons, as well as updating them with the most recent findings on synaptic connectivity and pharmacology.

More recently, the widespread availability of several strains of transgenic mice engineered to express enhanced green fluorescent protein (EGFP) under the control of endogenous transcriptional regulatory sequences (Gong et al., [@B43]) has provided researchers with additional powerful tools with which to target specific neuronal subtypes for visually guided recording, thereby simplifying the electrophysiological characterization and biocytin labeling of different striatal GABAergic interneurons. These in turn have resulted in an expansion of the number of distinct subtypes of striatal GABAergic interneurons that have been electrophysiologically and morphologically characterized. These data will be reviewed in the next part of this article.

We will conclude with a discussion of the changing concepts of striatal organization and the functional diversity and potential roles of striatal GABAergic interneurons.

PV^+^ Interneurons
==================

Neurocytology
-------------

Parvalbumin-immunoreactive striatal neurons were first reported by Gerfen et al. ([@B39]) who showed the existence of medium-sized, aspiny interneurons that were distinct from previously described cholinergic and SOM^+^ neurons, and which were more abundant laterally than medially. Subsequent studies revealed that these neurons were strongly immunoreactive for GAD (Kita et al., [@B60]), particularly the GAD~67~ isoform (Lenz et al., [@B74]) and were present in both patch and matrix compartments with dendrites that freely crossed patch--matrix boundaries (Cowan et al., [@B26]) and thus were almost certainly the striatal GABAergic interneurons that were originally identified on the basis of intense ^3^H-GABA uptake (Bolam et al., [@B14]).

Most PV^+^ striatal interneurons are categorized as medium-sized (Kita et al., [@B60]; Kawaguchi, [@B54]; Koós and Tepper, [@B63]), although a rare variant has been described that can be as large as the giant cholinergic interneuron (Bennett and Bolam, [@B6]). In a sample of intracellularly labeled PV^+^ interneurons Kawaguchi ([@B54]) described two distinct morphologies, one characterized by a medium size soma and more compact axonal and dendritic fields, and another exhibiting larger somatic diameters as well as axonal and dendritic fields. These observations suggest that PV^+^ interneurons may not represent a single homogenous cell type. PV^+^ interneurons are not distributed homogeneously throughout striatum; rather they obey a ventral to dorsal, medial to lateral, and caudal to rostral gradient of increasing density (Gerfen et al., [@B39]; Kita et al., [@B60]; Mura et al., [@B85]; Wu and Parent, [@B131]). PV^+^ interneurons emit five to eight aspiny dendrites that range from almost smooth to extremely varicose (Cowan et al., [@B26]; Kita et al., [@B60]; Kawaguchi, [@B54]; Kita, [@B59]). Most dendrites branch within a few 10 s of μm from the soma, and then only sparingly, with dendrites greater than third or fourth order rare. The entire dendritic field is compact and roughly spherical, extending 200--300 μm in diameter centered around the soma. A relatively small fraction of PV^+^ neurons display more extended dendritic fields (Kawaguchi, [@B54]).

The axon is highly branched, extends through and beyond the dendritic tree of the parent cell and is one of the densest axonal arborizations of any striatal neuron. The axonal field is also roughly spherical or ovoid and extends about 1.5--2 times the diameter of the dendritic field with its maximal density roughly coextensive with the dendritic arborization (Kawaguchi, [@B54]; Koós and Tepper, [@B63]; Tepper and Bolam, [@B114]).

In EM studies the nuclear envelope of PV^+^ neurons is deeply invaginated (Kita et al., [@B60]), consistent with that of the aspiny GABAergic interneurons described previously (Bolam et al., [@B14]; Takagi et al., [@B105]). In addition, striatal PV^+^ dendrites were observed to form dendro-dendritic gap junctions with other PV^+^ dendrites (Kita et al., [@B60]; Kita, [@B59]). PV^+^ interneurons are the only striatal neuron of any type where gap junctions have been directly observed morphologically.

Intrinsic electrophysiological properties
-----------------------------------------

Striatal PV^+^ interneurons exhibit a distinctive electrophysiological profile that enables them to be identified strictly on that basis of intracellular or whole cell recordings *in vitro* or *in vivo*. The electrophysiological characteristics of striatal PV^+^ interneurons were first identified in slices from juvenile rats by Kawaguchi and colleagues (Kawaguchi, [@B54]; Kawaguchi et al., [@B57]), and these observations have subsequently been replicated in slices from mature rats and mice (Koós and Tepper, [@B63], [@B64]; Bracci et al., [@B16], [@B17]; Centonze et al., [@B20]; Plotkin et al., [@B93]; Taverna et al., [@B110]; Ibáñez-Sandoval et al., [@B51]).

All striatal PV^+^ interneurons are classified electrophysiologically as fast-spiking interneurons (FSI) and in some instances can fire at frequencies over 400 Hz (Figure [1](#F1){ref-type="fig"}C) in response to strong depolarizing current injections with little spike frequency adaptation (Figures [1](#F1){ref-type="fig"}A,C). PV^+^ FSI are strongly hyperpolarized *in vitro* and do not exhibit spontaneous activity. They exhibit a low input resistance similar to that of SPNs (50--150 MΩ), but significantly less inward rectification. Action potentials evoked by depolarizing current injection are of short duration (\<0.5 ms) and exhibit deep, rapid onset and short duration spike after hyperpolarizations. Similar characteristics are exhibited by FSI in cortex and hippocampus that are also PV^+^ (Freund and Buzsáki, [@B33]; Galarreta and Hestrin, [@B36], [@B37], [@B38]) and are likely due, at least in part to the expression of Kv 3.1, a high threshold, rapidly activating and slowly inactivating voltage-gated K^+^ channel that is expressed selectively in PV^+^ FS interneurons (Lenz et al., [@B74]; Rudy and McBain, [@B99]).

![**Intrinsic electrophysiological properties of striatal FSIs recorded in whole cell current clamp *in vitro***. **(A1)** Responses to current pulses reveal the non-linear current--frequency relation around threshold. Minimal effective stimulation results in a single action potential a long delay (red trace). Increasing the stimulus by in 20 pA steps results in the appearance of the characteristic stuttering firing pattern (green and blue traces). **(A2)** At 220 pA the neuron fires continuously at high frequency with little spike frequency adaptation. **(B)** IV curve of the neuron illustrated in **(A)**. **(C)** IF curve plotted for a population of FSIs shows that they are capable of sustained firing in excess of 350 Hz. **(D)** Expanded view of the rectangle shown in **(A1)** illustrating voltage dependent subthreshold membrane oscillations that give rise to episodes of spiking in the chattering mode. **(E)** Expanded view of the singe spike shown in the red trace in **(A1)** illustrating the brief duration of the FSI action potential and the rapid onset of the deep spike AHP.](fnana-04-00150-g001){#F1}

Characteristically, unlike most neurons, the intrinsic ionic mechanisms of striatal PV^+^ interneurons cannot sustain repetitive firing at arbitrarily low frequencies. As shown in Figure [1](#F1){ref-type="fig"}, increasing the amplitude of current injection steps finally depolarizes the neuron to threshold (about −50 mV), eliciting a single, delayed spike. However, further small increments of injected current do not elicit gradually increasing rates of firing, instead, a tiny increment in stimulus strength of 10 pA above threshold results in firing at the neuron\'s minimal sustainable frequency typically exceeding 20 Hz (Figure [1](#F1){ref-type="fig"}).

Among neostriatal interneurons defined as FSIs based on these electrophysiological criteria two subtypes may be distinguished based on the temporal structure of action potential trains elicited with current injection. One of these is characterized by continuous firing that is maintained for the duration of the current injection except for very high current amplitudes where the action potential train is sometimes terminated earlier, presumably due to Na^+^-channel inactivation. The other type of FSIs exhibit a "stuttering" response consisting of brief trains of action potentials separated by silent periods of variable duration during which subthreshold membrane potential oscillations are observed (Kawaguchi, [@B54]; Koós and Tepper, [@B63]; Bracci et al., [@B17]). It remains unclear if these two firing patterns reflect different states of the same neurons or are indicators of genuinely distinct neuronal phenotypes. In one study using BAC--PV--EGFP transgenic mice that enabled immunocytochemically verifiable targeting of PV^+^ interneurons Freiman et al. ([@B32]) observed only the continuous firing pattern in EGFP^+^ FSIs. In contrast, FSIs exhibiting stuttering responses have been shown to stain for PV using immunocytochemistry in the rat neostriatum (Kawaguchi, [@B54]) and nucleus accumbens (Taverna et al., [@B110]). In addition, both firing types have been reported in both rats (Bracci et al., [@B16], [@B17]; Plotkin et al., [@B93]; Taverna et al., [@B110]) and mice (Centonze et al., [@B20]; Gittis et al., [@B42]) among electrophysiologically defined FSIs, although the stuttering phenotype appears to be less frequent in mice than in rats (Tecuapetla et al., unpublished). Since developmental effects cannot account for these findings (Plotkin et al., [@B93]) the data together suggest either a species *and* cell type specific difference in the expression of PV, so that in mice PV would be present only in continuous firing but not in stuttering FSIs; while in the rat, PV would be expressed in FSIs exhibiting either characteristics, or alternatively, stuttering neurons may be PV^+^ in the mouse but much less frequent of much less frequently encountered in slice experiments than in rats. These interpretations should be considered tentative however, until the findings of Freiman et al. ([@B32]) are confirmed with a more systematic characterization of a larger sample of neurons.

Another characteristic feature of these neurons is the presence of large amplitude (2--3 mV) voltage dependent membrane oscillations at depolarized subthreshold membrane potentials (Koós and Tepper, [@B63]; Bracci et al., [@B17]), which is particularly prominent in stuttering neurons during the periods between action potentials bursts. In stuttering neurons the oscillations appear to trigger the firing of bursts by bringing the membrane potential to threshold. The oscillations and the intermittent firing pattern are Ca^2+^ or SK channel independent, but are completely eliminated by TTX, suggesting that they are due to an interaction between voltage-gated K^+^ conductances and a persistent or possibly the inactivating sodium conductance responsible for spike generation (Bracci et al., [@B17], Koós and Tepper, unpublished).

An additional characteristic of striatal PV^+^ interneurons is that they are interconnected by electrotonic synapses (Koós and Tepper, [@B63]), as are PV^+^ FSI in cortex and hippocampus (Galarreta and Hestrin, [@B37]). Although the coupling ratio is usually not strong enough to evoke spiking, it is powerful enough to allow evoked spikes in electrotonically coupled FSI to fire near synchronously (Tepper, [@B113]). Although it has been proposed that this would allow syncytial activation of groups of FSI firing in near synchrony (e.g., Kita et al., [@B60]; Koós and Tepper, [@B63]), recent *in vivo* recordings from presumed FSI showed that striatal FSI activity is largely uncoordinated, at least during the cue and reward phases of a conditioned maze task (Berke, [@B8]).

Afferent connectivity
---------------------

Both symmetric and asymmetric synapses are seen to contact PV^+^ dendrites and somata. Somatic inputs of both types are relatively sparse, but the dendrites are heavily innervated. Nearly two-thirds of the afferents form asymmetric synapses (Kita et al., [@B60]), originating mostly from cortex, with rather little thalamic innervation (Kita, [@B59]). Single cortical axons make multiple contacts with PV^+^ interneurons (Ramanathan et al., [@B97]), which may account, in part, for the greater responsivity of PV^+^ interneurons to cortical stimulation (Parthasarathy and Graybiel, [@B89]) compared to SPNs (Mallet et al., [@B78]). The symmetric synapses arise from both extrinsic and intrinsic GABAergic and dopaminergic inputs (Kubota et al., [@B67]; Bevan et al., [@B13]).

Choline acetyltransferase immunoreactive boutons have been seen in contact with PV^+^ somata and dendrites in striatum (Chang and Kita, [@B21]), and striatal FSI are powerfully excited by stimulation of non-desensitizing nicotinic receptors *in vitro* (Koós and Tepper, [@B64]). However, at present, there have been no demonstrations of EPSP/Cs^+^ originating from stimulation of cholinergic interneurons.

Dopaminergic inputs to presumed PV^+^ interneurons have also been observed ultrastructurally (Kubota et al., [@B67]), as have GABAergic inputs originating from the GP (Bevan et al., [@B13]). The pallidostriatal inputs are largely selective for FSIs (Bevan et al., [@B13]) and *in vivo*, increased firing of FSI during choice selection in a simple discrimination task coincide with a decrease in firing of GP neurons (Gage et al., [@B35]).

Efferent connectivity
---------------------

Action potentials in striatal FSI evoke large amplitude IPSPs in SPNs in organotypic cell culture (Plenz and Kitai, [@B92]) and in acute striatal slices (Koós and Tepper, [@B63], [@B64]). Synapses between striatal FSIs and SPNs are largely proximal (Kita et al., [@B60]; Kita, [@B59]; Bennett and Bolam, [@B7]) and paired recordings show that they exhibit extremely low failure rates (\<1%) and effective temporal summation, and are powerful enough to delay or completely block spiking in postsynaptic SPNs (Koós and Tepper, [@B63]). This is in contrast to the axon collateral synapses between SPNs (Tunstall et al., [@B120]), which typically evoke significantly smaller IPSPs/IPSCs than FSI-evoked synaptic responses when recorded somatically (Koós et al., [@B65]; Tepper et al., [@B115], [@B116]; Gustafson et al., [@B46]) due to a combination of predominantly distal synaptic locations (88%; Wilson and Groves, [@B128]) and relatively few synaptic (2--3) connections made by each SPN on each postsynaptic SPN (Koós et al., [@B65]). Note, however, that a recent report described sixfold larger collateral synaptic currents in a small fraction of the SPN--SPN pairs recorded (Tecuapetla et al., [@B112]). Powerful inhibition of SPNs by FSIs *in vivo* has also been demonstrated during periods of increased cortical activity (Mallet et al., [@B78]).

The probability of a synaptic connection between a FSI and a SPN within the radius of the FSIs axonal field is extremely high, ranging from 25% in the first studies in rat slices (Koós and Tepper, [@B63]) to between 48 and 75% in more recent experiments in mouse slices (Gittis et al., [@B42]; Planert et al., [@B91]). These numbers are significantly greater than the connection probability between pairs of SPNs, which is consistently reported to be between 10 and 20% (Czubayko and Plenz, [@B27]; Tunstall et al., [@B120]; Koós et al., [@B65]; Taverna et al., [@B111]).

Striatal FSIs make synapses onto both direct and indirect pathway SPN. The biophysical properties of the synaptic contacts do not differ and exhibit short-term depression. Further, single FSI often make synapses with both types of SPN (Gittis et al., [@B42]; Planert et al., [@B91]; see Figure [2](#F2){ref-type="fig"}). In addition to synapses with SPNs, FSIs have been shown to make functional synaptic connections with other FSIs, but not with cholinergic or PLTS interneurons. Unlike SPN axon collateral interactions, which are almost exclusively unidirectional (see Tepper et al., [@B116] for review), the probability of reciprocal synaptic connections between pairs of FSIs is high (Gittis et al., [@B42]).

![**Single FS interneurons evoke large IPSCs in both direct and indirect pathway SPNs**. **(A)** Representative recording from two SPNs that are postsynaptic to the same FSI (black traces) in a striatal slice from a BAC transgenic D~1~-EGFP mouse. The green traces are from the EGFP-D~1~-expressing striatonigral SPN shown in **(B)**. The blue traces are from another SPN that does not express EGFP and is therefore a D2-expressing striatopallidal neuron. Note similar characteristics (IPSC amplitude, extremely reliable \[zero failures\] synaptic transmission, short term depression) of each synaptic connection. **(B)** Upper panels show the striatopallidal SPN and FSI and patch pipettes visualized with DIC. Middle panel shows electrophysiological identification of the FSI. The striatopallidal neuron is recorded and stained with a patch pipette containing Alexa 594 (orange). Bottom panels show the disappearance of the EGFP from the striatonigral neuron as a result of dialysis during recording. **(C)** Summary data from all triple recordings consisting of one FSI presynaptic to a striatonigral (*n* = 14) and striatopallidal (*n* = 11) neuron reveals no difference in IPSC rise time or amplitude in striatonigral and striatopallidal neurons.](fnana-04-00150-g002){#F2}

It is now generally accepted that striatal PV^+^ FSIs are the major components of a powerful, feedforward inhibition that regulate spike timing in SPNs, thereby regulating striatal output.

Pharmacology
------------

Bath application of DA or selective D~1~/D~5~ dopamine agonists induces depolarization and an increase in input resistance in striatal FSI in brain slices, both blocked by SCH23390, a selective D~1~/D~5~ dopamine antagonist (Bracci et al., [@B16]). A subsequent study with D~1~ knockout mice revealed that this effect was due to activation of postsynaptic D~5~ receptors located on the FSI (Centonze et al., [@B20]). The ionic mechanism of the depolarization remains unknown. *In vivo*, systemic application of amphetamine leads to a dose-dependent increase in firing rate of most FSIs whereas the selective DA D~2~ receptor antagonist, eticlopride, produced a consistent increase in FSI firing rate (Wiltschko et al., [@B130]). As there are apparently no postsynaptic D2-class receptors on striatal FSIs, these effects are likely due to presynaptic modulation of GABAergic inputs, possibly originating from the GP (Wiltschko et al., [@B130]), although this remains to be demonstrated directly.

ACh has a dual action on striatal FSIs. *In vitro*, these interneurons are strongly depolarized and induced to fire by bath or local application of carbachol, a response that is sustained for the duration of application. The response is completely blocked by mecamylamine but not by methyllycaconitine, indicating the involvement of a non-desensitizing, rapidly acting nicotinic receptor distinct from Type-1 receptors.

In addition to the nicotinic excitation, the FSI--SPN synapse is subject to powerful presynaptic inhibition by a pirenzapine-sensitive muscarinic receptor. It has been suggested (Koós and Tepper, [@B64]) that this presynaptic effect predominates during periods of cortical arousal when ACh levels are high (Abercrombie and DeBoer, [@B1]) and FSIs are firing rapidly (Mallet et al., [@B78]).

SOM/NOS/NPY^+^ Interneurons
===========================

Originally, the GABAergic nature of these neurons was a matter of some debate, with early studies making a clear distinction between SOM^+^ interneurons and GABAergic interneurons (e.g., Lenz et al., [@B74]) because these neurons did not appear to express either GAD mRNA (Chesselet and Robbins, [@B23]) or GAD~67~ or GABA immunoreactivity (Kubota et al., [@B68]). A subsequent experiment in which rats were pretreated with colchicine to block axonal transport and increase somatic levels of proteins synthesized in the soma revealed that striatal NOS^+^ neurons were also immunoreactive for GAD~67~. A later EM study showed that the synaptic terminals of these neurons were also immunoreactive for GABA (Kubota and Kawaguchi, [@B71]), ending the controversy once and for all.

Several early immunocytochemical experiments indicated that striatal SOM^+^ interneurons were also immunoreactive for NPY (formerly referred to as avian pancreatic polypeptide; Vincent and Johansson, [@B122]; Vincent et al., [@B122]) and the enzyme NADPH-diaphorase, which is equivalent to NOS (Hope et al., [@B48]), but not for PV or ChAT, thus forming a distinct subtype of striatal GABAergic interneuron (Fujiyama and Masuko, [@B34]; Gerfen and Wilson, [@B40]). For the remainder of this review, this neurochemically defined striatal interneuron subtype will be referred to as NPY interneurons.

Neurocytology
-------------

SOM/NPY/NOS^+^ interneurons are medium sized, with round, polygonal, or fusiform somata with diameters ranging from 9 to 25 μm, making them on average the second-largest striatal neuron after the large aspiny cholinergic interneuron. Typical NPY neurons emit from 3 to 5 thick, aspiny mostly non-varicose proximal dendrites that branch within 30--50 μm of the cell body and taper rapidly, becoming more varicose in the distal regions. The entire arborization is relatively simple, branching sparsely and extends to a diameter of about 600 μm (DiFiglia and Aronin, [@B29]; Vincent and Johansson, [@B122]; Aoki and Pickel, [@B3]; Kawaguchi, [@B54]).

At the electron microscopic level, SOM/NPY/NOS^+^ interneurons are characterized by a deeply indented nuclear membrane and a rich cytoplasm, like the PV^+^ GABAergic interneurons but in marked contrast to SPN (DiFiglia and Aronin, [@B29]; Aoki and Pickel, [@B3]) which exhibit smooth, non-indented nuclear envelopes (Wilson and Groves, [@B128]).

The axonal arborization of SOM/NPY/NOS^+^ is unique among striatal interneurons. It is the least dense axonal arborization of all striatal neurons (although there are exceptions -- see Figure [1](#F1){ref-type="fig"} in Kubota and Kawaguchi, [@B71]) and also the largest in overall extent, and consists largely of long, sparsely branching axons extending in straight lines for up to 1 mm (Kawaguchi, [@B54]; Kubota and Kawaguchi, [@B71]). At least some of the axons are myelinated (DiFiglia and Aronin, [@B29]).

Kawaguchi ([@B54]) reported that a PLTS neuron intracellularly labeled with biocytin appeared to possess two axons, as previously reported for a medium-sized aspiny striatal interneuron in a Golgi preparation (Takagi et al., [@B105]). We have encountered the same phenomenon in a mouse PLTS interneuron as shown in Figure [3](#F3){ref-type="fig"}.

![**Electrophysiology and morphology of striatal SOM/NPY/NOS interneurons**. **(A)** Immunofluorescence photomicrograph of NOS^+^ mouse striatal interneurons. **(B)** Passive electrophysiological properties of a NPY^+^ interneuron from a striatal slice from a BAC transgenic EGFP--NPY^+^ mouse shows the characteristic relatively depolarized resting membrane potential, LTS following cessation of a hyperpolarizing current injection (black trace), *I*~h~ and, prolonged depolarizing plateau potentials elicited from rest by depolarizing current injection (red trace) and following the rebound LTS after a hyperpolarizing current injection. Inset: IV curve from data in **(B)** shows typical high input resistance of striatal PLTS interneurons, even at maximum of *I*~h~ activation (black dot). **(C)** Spontaneous activity typical of many SOM/NPY/NOS interneurons. **(D)** Rebound depolarizations display the time dependent de-inactivation, all-or none nature and blockade by Co^2+^ characteristic of a LTS. **(E)** Reconstruction of a biocytin filled PLTS interneuron shows typical varicose dendritic arborization with a few sparsely scattered spines. Note the few arborizations in both, axon and dendrites (Sholl plot). This particular example was selected because it had two distinct axons emerging from opposite poles of the soma.](fnana-04-00150-g003){#F3}

Intrinsic electrophysiological properties
-----------------------------------------

Kawaguchi ([@B54]) obtained whole cell recordings from neurons in slices from juvenile rats that exhibited electrophysiological characteristics that were readily distinguishable from those of SPNs and FSIs. The most characteristic attributes of these neurons were the presence of a low threshold Ca^2+^ spike (LTS), a very high input resistance (\>600 MΩ), a depolarized resting membrane potential (approximately −56 mV) and the expression of long-lasting plateau potentials following depolarization from rest, in rebound from strong hyperpolarizing current injections or in response to strong excitatory synaptic inputs. These neurons exhibited long duration action potentials (1 ms at half amplitude). Due to the **LTS** and the **p**ersistent depolarizing **p**lateau potentials, these neurons were termed PLTS interneurons (Kawaguchi, [@B54]) and were subsequently shown to be the SOM^+^ neurons described in the immunocytochemical studies reported above. Subsequent observations in adult rats and mice replicated these findings (Kawaguchi et al., [@B57]; Kubota and Kawaguchi, [@B71]; Centonze et al., [@B19], [@B20]; Ibáñez-Sandoval et al., [@B51]). Although not mentioned in the original reports, a significant proportion (30 out of 44 cells) of the PLTS neurons in our mouse slices exhibited tonic spontaneous activity (Ibáñez-Sandoval et al., unpublished). The typical physiological characteristics of striatal PLTS interneurons are illustrated in Figure [3](#F3){ref-type="fig"}.

Although it was originally assumed that the SOM/NOS/NPY interneurons represented a single population of neurons, more recent stereological cell counting has revealed slightly different numbers for SOM^+^ neurons (21,300/striatum = 0.8% of the total) and NPY^+^ neurons (0.57%; Rymar et al., [@B100]). Furthermore, a multiple immunocytochemical labeling study concluded that nearly 25% of the striatal interneurons that expressed various combinations of SOM, NOS, or NADPH diaphorase were *not* immunoreactive for NPY (Figueredo-Cardenas et al., [@B31]). Therefore, there appear to be at least three distinct subpopulations of striatal SOM/NPY/NOS^+^ interneurons, each expressing different combinations of these three markers. Whether these all subpopulations express the same "classical" electrophysiological phenotype of PLTS interneurons described above is unknown at present.

Afferent connectivity
---------------------

Previous anatomical work showed that PLTS interneurons receive numerous synaptic contacts on their proximal dendrites from both cholinergic and dopaminergic axons, as well as onto their distal dendrites, which receive asymmetric synaptic inputs from the cortex (Kubota et al., [@B66]; Vuillet et al., [@B126],[@B127], [@B125]). GABAergic synaptic inputs originating from the globus pallidus were also demonstrated ultrastructurally using juxtacellular labeling and NOS immunocytochemistry (Bevan et al., [@B13]). The synaptic inputs to NPY neurons were also examined electrophysiologically by Partridge et al. ([@B90]) using a BAC--NPY--GFP transgenic mouse strain and by Gittis et al. ([@B42]) using BAC--Lhx6--GFP transgenic mice. These experiments demonstrated AMPA and NMDA receptor mediated cortical glutamatergic inputs that were relatively weak compared to the inputs of SPNs and GABA~A~ receptor mediated inhibitory inputs comparable to those of SPNs (Partridge et al., [@B90]; Gittis et al., [@B42]).

Efferent connectivity
---------------------

Not surprisingly, the major efferent target of PLTS interneurons is the SPN. Axon terminals form symmetric synapses, mostly on the distal regions of the dendrites and on spines, largely avoiding the soma (DiFiglia and Aronin, [@B29]; Aoki and Pickel, [@B3]; Vuillet et al., [@B126],[@B127]; Kubota and Kawaguchi, [@B71]). NPY^+^ boutons have also been observed to make symmetric contact with cholinergic interneurons, but synapses between NPY^+^ neurons have not been reported (Vuillet et al., [@B126],[@B127], [@B125]).

Despite the anatomical evidence cited above, in a recent *in vitro* paired recording study, in contrast to PV^+^ interneurons, PLTS interneurons were found to evoke only sparse (2/60) and relatively weak GABAergic IPSCs in SPNs (Gittis et al., [@B42]). In this study, PLTS interneurons were first visually identified in slices from BAC transgenic mice engineered to express EGFP in neurons expressing the homeobox protein Lhx6, a marker for interneurons arising from the ganglionic eminence including PV^+^, CR^+^, and SOM/NPY/NOS^+^ interneurons (Marin et al., [@B80]). No IPSCs were observed in postsynaptic PLTS, FSI, or cholinergic interneurons. Whereas a sparser efferent connectivity than the PV^+^ interneurons is consistent with the much less dense and elaborate axonal arborization, the almost complete absence of postsynaptic responses is not.

One possible explanation for the lack of synaptic responses is that the principal neuroactive substance released from PLTS interneurons may not be GABA. As reviewed above, in contrast to the PV^+^ interneurons, PLTS interneurons express far lower levels of GABA and GAD. Perhaps the principal function of these neurons is to release SOM, NOS, and/or NPY, all of which could exert slower neuromodulatory effects on their postsynaptic targets rather than fast synaptic effects. For example, SOM has been shown to exert a potent presynaptic inhibition on GABA release at SPN--SPN synapses (Lopez-Huerta et al., [@B75]).

Pharmacology
------------

Like the PV^+^ FSIs, the PLTS interneurons are excited by D1-class agonists through D1 family dopamine receptors eliciting depolarization and action potential firing *in vitro* (Centonze et al., [@B19]). Interestingly, as is the case with FSIs, the excitatory effect of dopamine on PLTS neurons was also absent in D1 receptor knock out mice indicating the involvement of D5 receptors. In addition, indirect cholinergic effects through M~2~ muscarinic acetylcholine receptors have also been reported (Bernard et al., [@B11]).

CR^+^ Interneurons
==================

Of the three classically recognized striatal GABAergic interneurons, by far the least is known about the CR interneuron. Although they make up 0.5% of striatal neurons based on stereological cell counts of immunostained material in rat, just slightly less than the number of PV^+^ neurons (Rymar et al., [@B100]), our knowledge of these interneurons is limited to what can be seen in immunostained material, since they have never been recorded and intracellularly labeled. In primates including humans, the proportion of CR^+^ neurons is much greater than in rodents and CR^+^ interneurons outnumber PV^+^ and SOM/NPY interneurons by 3 or 4 to 1 (Wu and Parent, [@B131]). No EGFP--CR^+^ transgenic mice are currently available, and so there have been no successful attempts thus far to correlate a set of physiological properties with the CR^+^ phenotype as has been done for other striatal interneurons. The lack of intracellular labeling has also resulted in only a very limited description of the axonal arborization. The lack of data on CR interneurons underscores the power and utility of transgenic mice that selectively express EGFP under the control of a single, specific promotor.

Early studies in rats described CR-expressing interneurons as medium sized aspiny neurons, 12--20 μm in diameter that issued a small number of smooth, aspiny dendrites that branch sparingly and taper into thin, varicose processes (Bennett and Bolam, [@B5]; see Figure [4](#F4){ref-type="fig"}). However, subsequent studies in rats and primates consistently describe at least three or four morphologically distinct types of striatal CR^+^ neurons, ranging from small to large in somatic size (Prensa et al., [@B96]; Schlosser et al., [@B103]; Wu and Parent, [@B131]; Rymar et al., [@B100]). Indeed, our immunocytochemical studies have revealed the existence of at least three morphologically distinct types of striatal CR interneurons in mouse striatum as shown in Figure [4](#F4){ref-type="fig"}.

![**Striatal calretinin immunopositive interneurons**. **(A)** Two-dimensional projection of 40 deconvolved 1 μm optical sections through mouse striatum immunostained for a *Type I* CR interneuron shows a single medium sized, aspiny CR^+^ interneuron. **(B)** Immunofluorescence photomicrograph of a single section containing an aspiny medium-sized mouse immunostained striatal CR^+^ interneuron. Arrowheads point to axonal varicosities. **(C)** Another immunostained aspiny *Type I* CR^+^ interneuron. **(D)** Immunostained brightly fluorescent aspiny *Type II* CR^+^ interneuron just above a less brightly fluorescent *Type I* CR^+^ interneuron. Note smaller soma of *Type II* neuron and more high branched dendritic arborization. **(E)** Least common type of CR^+^ interneuron is the *Type III*, intensely fluorescent and spiny.](fnana-04-00150-g004){#F4}

Neonatal hypoxia results in the neurogenesis of CR^+^ striatal interneurons in rats that persists for at least 5 months after induction. Interestingly the neurogenesis appears limited to the CR^+^ interneurons since there is no neurogenesis of striatal neurons that express markers for any of the other striatal interneurons or projection neurons (Yan et al., [@B132]).

TH^+^ Interneurons
==================

Dubach et al. ([@B30]) first described striatal neurons immunoreactive for TH (TH^+^) in the caudate nucleus of three normal monkeys. The vast majority of these neurons were actually outside the borders of the caudate and putamen, and were located in the white matter ventral to the striatal neuropil. Of the neurons actually located within the striatum, most were restricted to a narrow band in the dorso-medial periphery of the caudate nucleus. These monkey TH^+^ neurons were reported to be bipolar and 8--12 μm in diameter. Although no rigorous attempt to count the number of striatal TH^+^ neurons was made, the authors estimated that they numbered in the "tens of thousands." Identical immunostaining protocols applied to mouse and rat striatum in the same study failed to find any striatal or peristriatal TH^+^ neurons. Interestingly, when the material from these monkeys was subjected to fluorescence histochemistry, only 5--10 fluorescent neurons were observed in the caudate and putamen (Dubach et al., [@B30]).

In contrast, a subsequent immunostaining experiment in rat striatum did reveal the existence of a very small number TH^+^ neurons (7--19 per striatal hemisphere) in control animals. These neurons were 10--20 μm in diameter, multipolar, and exhibited sparse spines on some dendrites. Interestingly, the number of TH^+^ neurons increased by a factor of 2--4 times following dopaminergic denervation (Tashiro et al., [@B109]), suggesting that the expression of TH in these neurons may be under the control of ambient DA levels.

Subsequently, many studies from different laboratories have confirmed the existence of neurons that could be immunostained with different monoclonal or polyclonal antibodies directed against TH in mouse, rat, monkey, and man. However, there remained considerable controversy regarding the number of striatal TH^+^ neurons, their identification as interneurons or projection neurons, their morphology, species dependence and other factors (Betarbet et al., [@B12]; Meredith et al., [@B83]; Mao et al., [@B79]; Palfi et al., [@B87]; Jollivet et al., [@B52]; Cossette et al., [@B24]; Mazloom and Smith, [@B81]; Porrit et al., [@B95]; Tande et al., [@B107]; Huot et al., [@B49]; Darmopil et al., [@B28]).

Recently we have been able to resolve many of these controversies by using genetically modified mice that express EGFP under the control of the endogenous TH regulatory sequences (Tg (Th-EGFP) 1Gsat/Mmnc; Gong et al., [@B43]). These have allowed us to visualize striatal TH^+^ neurons in brain slices and target them for whole cell recording and biocytin labeling which allowed us to study the electrophysiology and anatomical properties of striatal EGFP--TH^+^ neurons (Ibáñez-Sandoval et al., [@B51]). In that article we reported the existence of four electrophysiological distinct types of striatal EGFP--TH^+^ neurons, which were named: *Type I*, *Type II*, *Type III*, and *Type IV*. After electrophysiological characterization, biocytin-stained EGFP--TH^+^ neurons were reconstructed and described neuroanatomically.

Neurocytology
-------------

Striatal EGFP--TH^+^ of all four subtypes neurons exhibited medium sized somata (width = 15.2 ± 0.6 μm and height = 10.8 ± 0.4 μm), which were most frequently round or ovoid for *Types II--IV*, but often polygonal for *Type I*. These neurons emitted at least two to four aspiny and varicose primary dendrites (88%). Estimates from unbiased stereology showed the number of EGFP--TH^+^ interneurons per striatum was 2684 + 1216 (*n* = 6), a number much greater than that in most previous, non-quantitative estimates of striatal TH^+^ neurons labeled by immunocytochemistry in rodents (Tashiro et al., [@B109]; Mao et al., [@B79]; Busceti et al., [@B18]).

Occasionally (in 12% of stained neurons) the dendrites from *Type I* cells exhibited moderately dense, thick stick-like appendages that appeared to lack distinct spine heads (see Figure [5](#F5){ref-type="fig"}). Nevertheless, these neurons could be readily distinguished from SPNs on morphology alone, and as described below, their very distinct electrophysiological properties. These data are consistent with some of the previous reports based on TH^+^ immunocytochemistry (Dubach et al., [@B30]; Betarbet et al., [@B12]; Cossette et al., [@B25], [@B24]; Mazloom and Smith, [@B81]; Huot and Parent, [@B50]) but are in sharp contrast to others that claimed the striatal TH^+^ neurons to be a subpopulation of SPNs (e.g., Tashiro et al., [@B108],[@B109]; Darmopil et al., [@B28]). *Types II, III*, and *IV* could not be distinguished on morphological grounds.

![**Striatal tyrosine hydroxylase immunopositive interneurons**. **(A)** TH-Immunoreactive aspiny striatal neuron from a normal rhesus macaque monkey. **(B)** A *Type I* striatal EGFP--TH^+^ neuron stained with biocytin during whole cell recording from a striatal slice from an EGFP--TH^+^ mouse. The dendrites branch infrequently and exhibit sparse, spine-like appendages (**a**). **(C)** Shows a Sholl plot of the reconstructed neuron revealing the extents and close overlap of the dendritic and axonal arborizations. **(D)** Drawing tube reconstruction of the neuron shown in **(B)**. Note the dense axonal arborization studded with varicosities (green dots), presumably axonal boutons.](fnana-04-00150-g005){#F5}

The biocytin labeling of EGFP--TH^+^ neurons allowed the first descriptions of their axonal arborizations (Ibáñez-Sandoval et al., [@B51]). These data revealed that for all four cell types, the axon emerged from the soma or proximal dendrite and branched almost immediately forming a dense local axon collateral plexus that occupied a volume coextensive with and sometimes extending beyond the dendritic tree of the issuing neuron (Figure [5](#F5){ref-type="fig"}). The collaterals were highly branched and studded with large numbers of prominent varicosities. None of the filled cells exhibited a single axonal branch that was larger than the rest or that could be clearly identified as the main axon. These data are consistent with our retrograde labeling data that failed to show any EGFP--TH^+^ neurons retrogradely labeled from large Fluorogold injections in substantia nigra and GP.

Immunocytochemical studies using rat, monkey, and human material have demonstrated the presence of the GABAergic markers, GAD~65~ and/or GAD~67~ (Betarbet et al., [@B12]; Cossette et al., [@B24]; Mazloom and Smith, [@B81]; Tande et al., [@B107]; San Sebastián et al., [@B101]), dopaminergic markers including the dopamine transporter (DAT, Betarbet et al., [@B12]; Palfi et al., [@B87]; Cossette et al., [@B25]; Tande et al., [@B107]), and the synthetic enzyme a-aromatic amino acid decarboxylase (AACD, Mura et al., [@B84], [@B85]; Meredith et al., [@B83]; Lopez-Real et al., [@B76]), and less frequently CR (Mura et al., [@B85]; Cossette et al., [@B25], [@B24]; Tande et al., [@B107]) in TH^+^ interneurons. Moreover, a small number of single cell RT-PCR experiments demonstrated in *Type I* and *IV* TH^+^ interneurons (the only two types examined with sc-RT-PCR) the expression of an isoform of the obligatory marker of monoamine release, the vesicular monoamine transporter (VMAT), VMAT-1 and the apparent absence of the more common isoform, VMAT-2, expressed by mesencephalic DA neurons (Ibáñez-Sandoval et al., [@B51]). Importantly, TH^+^ striatal interneurons were directly demonstrated to be distinct from PV, NOS, or CR expressing neurons in BAC--TH--EGFP mice (Ibáñez-Sandoval et al., [@B51]). In addition, these interneurons are present in both the matrix and patch compartments of the striatum, but appear to be more frequent in the matrix in primates (Huot et al., [@B49]).

The presence of TH immunoreactive neurons in the striatum was a matter of some debate in normal animals (Dubach et al., [@B30]; Tashiro et al., [@B108],[@B109]; Betarbet et al., [@B12]; Palfi et al., [@B87]; Cossette et al., [@B25], [@B24]; Tande et al., [@B107]; Huot et al., [@B49]). In some studies, striatal TH^+^ neurons were seen only after dopamine denervation (Mura et al., [@B84]; Meredith et al., [@B83]; Lopez-Real et al., [@B76]; Darmopil et al., [@B28]). A subsequent experiment in which mice were pretreated with colchicine to block axonal transport in an attempt to facilitate somatic accumulation of TH revealed TH immunoreactive neurons in the striatum. It still remains to be clarified if these neurons are able to synthesize and release dopamine.

Intrinsic electrophysiological properties
-----------------------------------------

Electrophysiological recordings of striatal EGFP--TH^+^ cells revealed significant heterogeneity among these neurons with respect to their resting membrane potential, membrane potential responses to current injection, input resistance, spontaneous activity, action potential waveform, and maximum firing rate. Based on a highly reproducible pattern of correlations between a number of electrophysiological characteristics four distinct types of TH^+^ interneurons could be distinguished and were named *Type I--IV TH interneurons*. The most frequently encountered subtype is *Type I* (60%) followed by *Type IV* (21%), *Type II* (13%), and finally the *Type III* (6%; Figure [6](#F6){ref-type="fig"}). The electrophysiological properties that most distinctly identify the *Type I* interneurons is their extremely high input resistance (346--1500 MΩ), their inability to maintain continuous firing during depolarizing current injections and a depolarization induced long-lasting plateau potential that is generated in a self-sustaining manner by a nimodipine sensitive l-type Ca^2+^ conductance and a flufenamic acid sensitive non-selective cationic conductance (*I*~CAN~, Figure [6](#F6){ref-type="fig"}C; Ibáñez-Sandoval et al., [@B51]). In addition, *Type I* neurons had action potentials exhibiting highly variable durations (0.4--1.9 ms half amplitude) and fast adaptation. In some cases *Type I* neurons also exhibited spontaneous fluctuations in membrane potential of ∼10 mV in amplitude, that resembled up and down states in spiny neurons (Wilson and Kawaguchi, [@B129]). Hyperpolarizing current pulses in the majority of *Type I* cells elicited a membrane potential deflection that could be blocked by ZD7288 (100 μM), indicating that it was attributable to activation of *I~h~*.

![**Four different types of striatal EGFP--TH^+^ neurons in mice**. **(A**) Selected two-dimensional scatter plots of various electrophysiological parameters reveal the separation of striatal EGFP--TH^+^ neurons into four distinct groups, termed *Types I--IV*. **(B)** Clustering of four distinct cell types in one representative three-dimensional scatter plot. **(C,D)** Voltage response to depolarizing current injection (100 pA), for four striatal TH^+^ neuron types, showing the relationship between injected current and maximum number of spikes evoked or maximum firing rate show clear differences between the four striatal TH^+^ types neurons. Note the plateau potential that was evoked in the *Type I* (arrow) at rest and in a slightly depolarized *Type III* neuron (arrow), using a stronger depolarizing current injection (180 pA). The *Type III* fires throughout the depolarizing current (gray line). In addition, the *Type IV* interneuron exhibits a clear LTS component in response to a small depolarizing current injection (40 pA), at its resting membrane potential. **(E)** Averaged action potentials from cell *Types I-IV* clearly show differences in multiple spike waveform parameters. **(F)** Histogram showing the distribution of the four EGFP--TH^+^ cell types.](fnana-04-00150-g006){#F6}

In contrast, the *Type II* cells had somewhat lower input resistances (234--758 MΩ; Figure [6](#F6){ref-type="fig"}), and were further distinct in their ability to fire action potentials throughout a depolarizing current injections and by exhibiting higher maximal firing rates (137--265 Hz), and little adaptation (Figure [6](#F6){ref-type="fig"}C). *Type II* neurons also had short duration action potentials (0.3--0.53 ms), and large amplitude after hyperpolarization (16--25 mV). While hyperpolarizing current pulses in almost all of the *Type II* cells, elicited a HCN channel mediated sag response similar to those of *Type I* neurons, *Type II* cells did not exhibit the characteristic plateau potentials of *Type I* neurons.

The *Type III* interneurons could be distinguished by the most negative resting membrane potentials (−89 mV) and the lowest input resistance among TH^+^ neurons (150--205 MΩ), which was due to a strong inward rectification present at membrane potentials more negative to −80 mV (Figure [6](#F6){ref-type="fig"}). Like *Type I* cells, the *Type III* interneurons were incapable of sustained firing in response to large amplitude current pulses but at much lower intensities DC current injection elicited continuous firing (Figure [6](#F6){ref-type="fig"}C). These neurons also exhibited a nimodipine sensitive plateau potential similar to those of *Type I* neurons.

Finally, like *Type I* and *Type II* cells, *Type IV* interneurons exhibited high input resistances (235--821 MΩ) and a HCN channel mediated sag response to hyperpolarizing current injections similar to those in *Type I* and *Type II* neurons, but were clearly distinguished from these cell types by exhibiting a **l**ow-**t**hreshold **s**pike (LTS), that could be elicited at the resting membrane potential by depolarization or when rebounding from hyperpolarizing current injections (Figure [6](#F6){ref-type="fig"}C). The LTS was accompanied by a short burst of fast action potentials exhibiting intra-burst frequencies in excess of 300 Hz. *Type IV* neurons had short-duration action potentials (0.4--0.85 ms) as well.

Unlike *Type I*, *Type II*, and *Type III* neurons, that exhibited electrophysiological properties unlike those of any previously identified cell type in the neostriatum, the *Type IV* cell closely resembled the LTS interneuron described by Koós and Tepper ([@B63]). However, *Type IV* TH^+^ neurons as well as the previously described LTS neurons both differed from the NPY/NOS/SOM^+^ PLTS neuron described by Kawaguchi and colleagues (Kawaguchi, [@B54]; Kawaguchi et al., [@B57]) due to the absence of plateau potentials, lower input resistances and a shorter duration action potentials.

Afferent connectivity
---------------------

Previous anatomical work showed sparse but clearly defined asymmetrical and symmetrical axodendritic synaptic contacts on TH^+^ striatal neurons (Mazloom and Smith, [@B81]), suggesting that TH^+^ neurons are integrated into the striatal circuit. In this regard, recent studies shown that at least *Type I* neurons respond to cortical stimulation (Ibáñez-Sandoval et al., [@B51]), evoking an EPSP that was blocked by 10 μM of DNQX, showing the involvement of AMPA/kainate type glutamate receptors. In addition, *intrastriatal* stimulation evoked a compound response that consisted of GABA~A~ receptor mediated inhibitory and AMPA receptor mediated glutamatergic excitatory components. The cellular origin of the excitatory responses has not been determined.

Interestingly, paired recordings showed that both EGFP--TH *Type I* and *Type II* interneurons receive GABAergic inhibitory inputs from SPNs (Ibáñez-Sandoval et al., [@B51]). Single action potentials elicited in SPN evoked a IPSPs in postsynaptic neurons depolarized with current injection that was sufficient in amplitude to delay action potential firing (Figure [7](#F7){ref-type="fig"}B). The IPSP reversed near to the chloride equilibrium potential (Figure [7](#F7){ref-type="fig"}A), and could be blocked by bicuculline (10 μM), indicating that the IPSPs were mediated by GABA~A~ receptors (see Ibáñez-Sandoval et al., [@B51]). These synaptic connections are of particular interest because they represent the only demonstrated fast GABAergic inhibitory input to any striatal interneuron type from SPNs. Furthermore the failure of comparable previous paired recording experiments (Koós and Tepper, [@B63]) to detect an inhibitory input from SPNs to FSIs suggest the intriguing possibility the TH^+^ interneurons and FSIs play fundamentally different roles in the striatal circuitry.

![**Synaptic interactions of TH interneurons**. Whole cell recordings from three connected pairs in which the first pair consisted of a presynaptic SPN and a postsynaptic *Type I* neuron, the second pair a presynaptic SPN and a postsynaptic *Type II* interneuron and the third pair of a presynaptic *Type III* neuron and a postsynaptic SPN. **(A)** Photomicrograph showing pair 1 intracellularly labeled with biocytin. Bottom inset: Fluorescence photomicrograph of the postsynaptic *Type I* EGFP--TH interneuron (bottom left), Top inset: spine laden dendritic segment of the SPN (1) and a varicose dendrite from *Type I* neuron (2) at higher magnification. Traces show a single action potential in the SPN (red), eliciting IPSPs at different postsynaptic membrane potentials (in black) showing reversal near -67 mV. **(B)** Depolarization evoked repetitive firing of a *Type II* neuron (1, black traces) is interrupted at the time indicated by the asterisks by single spikes of evoked in the presynaptic SPN (2, red traces) Inset shows the IPSP enlarged. Panel 3 shows the cumulative data for the inter-spike intervals with (black) and with presynaptic activity (red). **(C)** An analogous experiment shows delay in the depolarization induced spiking in an SPN (top red and black traces) by two spikes in the presynaptic *Type III* interneuron. **(D)** Higher magnification of the IPSP. Note the reliability of transmission. **(E**) *I*--*V* plot for the synaptic response in **(C)** and **(D)** showing a reversal potential as expected for Cl^−^ and providing an estimate of the synaptic conductance (∼1 nS).](fnana-04-00150-g007){#F7}

Efferent connectivity
---------------------

Using paired recordings, Ibáñez-Sandoval et al. ([@B51]) have demonstrated that *Type I*, *II*, and *III* TH interneurons all innervate SPNs and that single presynaptic action potentials often elicit large amplitude IPSPs in their postsynaptic targets. All three neurons were shown to elicit IPSPs that are mediated by GABA~A~ receptors confirming the previous identification of these neurons as GABAergic (Betarbet et al., [@B12]; Cossette et al., [@B24]; Mazloom and Smith, [@B81]; Tande et al., [@B107]; San Sebastián et al., [@B101]). The biophysical properties of the connections of the three types of interneurons appear to be heterogeneous. While synapses of *Type I* and *II* neurons elicited IPSP/Cs characterized by relatively large amplitudes and undetectably low failure rates, *Type III* neurons elicited responses in control condition that were of similar average amplitudes and were not associated with failure rates (Figures [7](#F7){ref-type="fig"}C--E). All of these inputs were, however, sufficiently strong to delay action potential firing in SPNs depolarized with intracellular current injection (Ibáñez-Sandoval et al., [@B51]).

To asses the role of the relative small population of TH interneurons in the inhibitory control of the neostriatum it is important to determine what fraction of SPNs receive input from these source and the strength of inhibition that may be exerted by a concerted activity of this interneuron population. We have conducted preliminary experiments to address this issue using Channelrhodopsin-2 (ChR2) mediated optogenetic activation of genetically targeted TH interneurons.

Fluorescent-tagged ChR2 (ChR2-YFP or ChR2-dTomato) was expressed in TH^+^ interneurons with viral mediated transfer of a Cre/lox controlled transgenes (Tsai et al., [@B119]) using serotype-2 or 5 adeno-associated virus in BAC transgenic TH-Cre \[Tg(Th-cre)12Gsat mice (Figures [8](#F8){ref-type="fig"}A,B). Using this method postsynaptic responses to brief optical stimulation of TH interneurons could be detected in the majority of SPNs (see Figure [8](#F8){ref-type="fig"}) and these response were able to prevent action potential firing of the postsynaptic neuron induced by current injection (Figure [8](#F8){ref-type="fig"}E). Together the currently available data supports the conclusion that despite their relatively small population TH interneurons may contribute significantly to the GABAergic inhibitory control of SPNs.

![**Optogenetic activation of TH^+^ interneurons inhibits SPN firing**. **(A)** Photomicrograph of a parasagittal slice obtained from a TH-Cre mouse injected with AAV-2:EF1:DOI:CHR2-EGFP. Note the large area of infection (∼1 mm, in diameter). **(B)** Higher magnification of the area indicated by the red rectangle in A showing numerous AAV-infected TH^+^ interneurons as well as axonal and dendritic processes expressing ChR2-YFP (green). **(C)** Photomicrograph of a single ChR2 expressing striatal TH interneuron recorded in current clamp. C1: A 2-ms pulse of blue light elicits action potentials in the TH^+^ interneuron. C2: Responses to injected current identify the trasfected neuron as a *Type II* TH^+^ interneuron. C3: *I*--*V* plot from data in C2 is typical of *Type II* interneurons. **(D)** SPN recorded in another ChR2-expressing striatal slice. Inset shows typical *I*--*V* characteristics. **(E)** Action potential firing elicited in the SPN in D with current injection can be blocked by brief (2 ms) optogenetic stimulation of TH^+^ interneurons and axons. Inset shows the IPSP elicited in the SPN at higher magnification. **(F)** Current traces obtained without (top traces) and with optical stimulation (bottom traces). *V*~h~ = −80 mV. Note the IPSC elicited in the SPN (bottom).](fnana-04-00150-g008){#F8}

Are there Other Striatal Gabaergic Interneurons?
================================================

CCK^+^ and VIP^+^ neurons
-------------------------

Although a small number of cholecystokinin (CCK) and vasoactive intestinal polypeptide (VIP) aspiny neurons have been described in the striatum of the rat (Takagi et al., [@B106]; Theirault and Lamdis, [@B117]; Hökfelt et al., [@B47]), as well as CCK neurons in the cat (Adams and Fisher, [@B2]), nothing is known about their physiological properties or synaptic actions. Both CCK and VIP neurons were reported as medium size (12--17 μm; VIP neurons and 10--20 μm; CCK neurons), with few primary dendrites (3--5), which branched close to the soma and whose dendrites became varicose and aspiny appearing. Moreover, in contrast to the sparsely distributed VIP neuron population observed in all areas of the striatum (Theirault and Lamdis, [@B117]), the observation of a very small population of CCK neurons in the cat (Adams and Fisher, [@B2]) could not be replicated in rat (Gilles et al., [@B41]) or human material (Schiffmann et al., [@B102]). In rats, the failure to detect CCK in the striatum persisted even after colchicine treatment (Gilles et al., [@B41]; Záborszky et al., [@B133]). Nevertheless, the possibility remains that detection of CCK and VIP interneurons is limited or prevented by low levels of neuropeptide expression or high sensitivity to colchicine. Preliminary single cell RT-PCR analysis of a small number of TH interneurons suggest that some if these neurons may express CCK and/or VIP implying a possible overlap among these types of interneurons. Genetic reporting and/or targeting methods as well gene expression assays will be essential to clarify the existence and possible roles these neurons in the striatum.

Finally, indirect electrophysiological evidence has been presented recently demonstrating the existence of a GABAergic population of neurons in the neostriatum which are activated by cholinergic interneurons and provide strong feedback inhibition of the same cholinergic interneurons (Sullivan et al., [@B104]). Since SPNs do not express nicotinic receptors or display nicotinic EPSPs the feedback neurons must be an interneuron. Recordings from eight pairs of FSIs and cholinergic interneurons failed to demonstrate a synaptic innervation in either direction (Tecuapetla et al., unpublished observation, Koós and Tepper, unpublished observations) suggesting that despite of the presence of soma-dendritic nicotinic receptors on FSIs these neurons may not be responsible for the feedback inhibition of SPNs. Further experiments will be required to identify these interneurons.

Functional Implications of the Diversity of Striatal Interneurons
=================================================================

The data reviewed here shows that the neostriatal circuit incorporates an unexpectedly large variety of inhibitory interneurons that exhibit highly specialized intrinsic properties and connectivity. While the existence of such an intricate organization provides in itself a compelling argument for a fundamental role of the local circuitry in the behavioral functions of the striatum, the precise function(s) of interneuronal inhibition in the striatum remain largely unknown. Moreover, it is puzzling why such a large variety of interneurons exists in the striatum and what distinct functions these individually small and in some cases minute neuron populations may serve.

Understanding the information encoded by GABAergic striatal interneurons or other contingencies of their activity is in its infancy. Recently, multiunit recording experiments have provided some information about fast-spiking units (FSUs), which exhibit action potential waveforms and firing properties resembling FSIs. Interestingly, in behaving rats navigating in a baited maze, the activity of these neurons does not systematically co-vary with the animal\'s position relative to rewarded or otherwise significant locations (Berke, [@B8]). Instead, in a choice paradigm these neurons fire during choice execution exhibiting specificity to the direction of the movement chosen by the animal. Interestingly, the directional selectivity of FSUs and SPNs were the opposite, suggesting that inhibition from interneurons may contribute to the direction selectivity of the SPN responses. A perhaps related spatial pattern of activation of FSIs was described earlier based on immediate early gene expression used as a reporter of PV^+^ interneuron activity in response to cortical activation (Parthasarathy and Graybiel, [@B89]).

A highly intriguing possibility is that a major function of at least some interneuron types is the coordination or control of gamma frequency oscillations observed primarily in the ventral parts of the neostriatum and the nucleus accumbens. Gamma oscillations are generated by synchronous periodic activity of GABAergic interneurons which act as a pacemaker for the firing of principal neurons throughout diverse neuronal systems including the neocortex, hippocampus, and thalamus (Freund and Buzsáki, [@B33]; Traub et al., [@B118]; Bartos et al., [@B4]) as well as the insect olfactory system (Laurent, [@B73]). Although it remains uncertain if gamma oscillations in the ventral striatum are of local origin, spiking activity of FSUs (Berke, [@B8]; van der Meer and Redish, [@B121]) and at least under some conditions the activity of presumed SPNs (Popescu et al., [@B94]; Kalenscher et al., [@B53]), phase lock to this activity, and the striatal gamma becomes synchronized with a non-zero phase lag to oscillations in the amygdala after conditioning (Popescu et al., [@B94]), suggesting a significant contribution from local mechanisms. Moreover, in the hippocampus the synchronous oscillatory activity of FSIs is generated by interplay of mutual inhibition and intrinsic resonant properties of interneurons (Traub et al., [@B118]) and in part through electrotonic coupling (Pais et al., [@B86]). Remarkably, the same features of dense synaptic interconnections, electrotonic coupling and unique intrinsic properties, including resonance at a gamma frequency range are displayed by FSIs in the striatum (Koós and Tepper, [@B63]; Bracci et al., [@B17]; Tepper, [@B113]), and there is also an overlap of the location of high voltage spindles and FSI units in the dorsal striatum (Berke et al., [@B10]). Based on these considerations it is possible that a resonant network of connected FSIs in the neostriatum can selectively phase lock to the oscillatory component(s) of excitatory inputs and further, that the activity of these interneurons is partially responsible for the observed gamma activity in the LFP and the moderate phase locking of a subset of SPNs. In addition to PV^+^ FSIs, CR^+^ and TH^+^ interneuron networks may also contribute, possibly with the three cell types playing distinct roles in the low (∼50 Hz) and high (∼80 Hz) frequency gamma oscillations observed in the striatum. The differential sensitivity of the two types of oscillations to psychostimulants (Berke, [@B8], [@B9]) may also reflect the involvement of different GABAergic circuits.

With regard to the function of the diversity of GABAergic interneurons a comparison with the functional organization of interneurons in hippocampus and the neocortex may be instructive. This comparison is well motivated considering the shared developmental origin and in some respects striking similarity of interneurons in the striatum and in cortical structures (i.e., the neocortex and the hippocampus), including the pattern of expression of a similar complement of calcium binding proteins and neuropeptides as well as the similarity of the physiological properties and connectivity of striatal FSIs and basket cells in cortical areas mentioned above (Kawaguchi and Kubota, [@B56]). It is equally important to note however, that the 20 or more GABAergic interneurons identified in the CA1 field of the hippocampus greatly outnumber those currently recognized in the striatum and in most cases do not correspond to specific types of striatal interneurons. While it is likely that further investigation will reveal significantly more diversity among striatal interneurons than known today the homology of interneurons between the striatum and cortical structures will most likely be manifested as a common logic of cell type determination (and hence rules of classification) and not as a detailed correspondence of the majority of individual cell types.

These complexities not withstanding we believe that useful insights may be gained from certain emerging principles of the organization of hippocampal GABAergic interneurons and circuits. For a comprehensive discussion of these principles the reader is referred to the excellent recent review of Klausberger and Somogyi ([@B61]), only the most relevant issues will be mentioned here. First, GABAergic inhibition of pyramidal neurons is highly organized, so that functionally distinct subcellular domains, including the axon initial segment, the soma, proximal and distal dendrites and even dendritic spines receive innervation from a unique but partially overlapping complement of GABAergic interneuron types. Conversely, individual types of interneurons display precise selectivity in innervating different postsynaptic subcellular domains. In the neostriatum, the observation of perisynaptic versus mostly dendritic localization of PV^+^ and NPY^+^ terminals respectively on SPNs (Kubota and Kawaguchi, [@B68]) suggests a similar specialization of interneurons.

Second several classes of interneurons have been discovered in the hippocampus that innervate primarily or exclusively other GABAergic interneurons. In principle the effect of these "higher order" neurons on the overall network activity may be significantly amplified through their control of powerful inhibitory circuits potentially resulting in a degree of influence that may not be readily predicted from their population size, the density of their axonal arborization, or the strength of their unitary synaptic connections. Therefore it will be interesting to examine if infrequent types of striatal interneurons, especially TH^+^ interneurons provide significant inhibition of other interneurons. This possibility is supported by our preliminary optogenetic experiments showing synaptic inhibition of FSIs by TH interneurons (English et al., unpublished).

Finally, investigation of the firing activity of several identified types of interneurons in the hippocampus in relation to the three main oscillatory patterns of the hippocampus (theta rhythm, gamma oscillations, and high frequency ripples) revealed that there is no unique correspondence between individual cell types and inhibitory network functions. Instead, specific inhibitory functions (such as inhibition of distinct subcellular compartments, or inhibition associated with different oscillations) are provided cooperatively by multiple interneuron types and conversely, each interneuron type contributes to more then one (but not all) distinct inhibitory functions (Klausberger and Somogyi, [@B61]). This organization probably allows the fine tuning of each inhibitory function through complementing the unique properties, such as intrinsic firing properties, neuromodulation or use dependent plasticity of synaptic output, offered by individual types neurons. By analogy, one might expect a similar functional overlap between various neostriatal interneuron types with significant implications for future *in vivo* and *in vitro* investigation of the functioning of interneurons.
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